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Abstract
Although it has been suggested that temperature increase may alter the toxic po-
tential of environmental pollutants, few studies have investigated the potential risk
of chemical stressors for wildlife under Global Climate Change (GCC) impact.
We applied a bifactorial multigeneration study in order to test if GCC conditions
alter the effects of low pesticide concentrations on life history and genetic diver-
sityoftheaquaticmodelorganism Chironomus riparius. Experimentalpopulations
of the species were chronically exposed to a low concentration of the fungicide
pyrimethanil(halfoftheno-observed-adverse-effectconcentration:NOAEC/2)un-
der two dynamic present-day temperature simulations (11.0–22.7◦C; 14.0–25.2◦C)
and one future scenario (16.5–28.1◦C). During the 140-day multigeneration study,
survival, emergence, reproduction, population growth, and genetic diversity of
C.ripariuswereanalyzed.Ourresultsrevealthathightemperatureandpyrimethanil
act synergistically on the midge C. riparius. In simulated present-day scenarios, a
NOAEC/2 of pyrimethanil as derived from a life-cycle toxicity test provoked only
slight-to-moderate beneﬁcial or adverse effects on C. riparius. In contrast, expo-
sure to a NOAEC/2 concentration of pyrimethanil at a thermal situation likely
for a summer under GCC conditions uncovered adverse effects on mortality and
population growth rate. In addition, genetic diversity was considerably reduced
by pyrimethanil in the future scenario, but only slightly under current climatic
conditions. Our multigeneration study under near-natural (climatic) conditions
indicates that not only the impact of climate change, but also low concentrations of
pesticides may pose a reasonable risk for aquatic insects in future.
Introduction
An increasing number of studies document currently ob-
served effects of Global Climate Change (GCC) on aquatic
biodiversity and numerous projections predict dramatic
species loss and disrupted functioning, persistence, and re-
silience of many ecosystems due to fast-changing climatic
conditions (Beznosov and Suzdaleva 2004; Mooij et al. 2005;
Thackeray et al. 2010). In contrast, combined effects of GCC
and additional stressors, such as environmental pollutants,
are less understood. Ecological risk assessment (ERA) faces
new challenges under altered environmentalconditions such
asGCC(Segner2007;Wenningetal.2010).Theecotoxicityof
xenobioticsoftenaltersatsuboptimalconditionssuchashigh
temperature, but the direction and extent of the alterations
aredifﬁculttopredict(Cairnsetal.1975;MayerandEllersieck
1986; Heugens et al. 2001; Oetken et al. 2009). Rarely under-
taken multigeneration studies provide, moreover, evidence
that effects of either toxicants or temperature alter during
consecutive generations (Postma and Davids 1995; Bossuyt
and Janssen 2004; Vogt et al. 2007a; Nowak et al. 2009; Salice
et al. 2009). Nevertheless, the available unifactorial toxicity
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tests performed at constant temperatures appear to be too
simplistic, as wild populations are successively exposed to
suboptimal, optimal, and superoptimal temperatures during
consecutivegenerations(Segner2007).Near-naturaltemper-
ature regimes may modify the response of aquatic species to
toxicant stress in the long term, especially at high summer
temperatures under GCC conditions.
The traditional ERA faces additional uncertainties regard-
inglow-doseriskassessment(PostmaandDavids1995;Foran
1998; Sielken and Stevenson 1998; Calow and Forbes 2003;
Segner 2007; Calabrese 2008, 2010; wenning et al. 2010).
Population dynamics can be affected at even a regulatory ap-
proved no-observed-adverse-effect concentration (NOAEC)
ofachemicalifconcerningmultiplegenerations(Postmaand
Davids 1995). Moreover, at the concentration spectrum be-
low the NOAEC, cellular stress responses may increase and
reproduction may decrease (Roux et al. 1993; Damelin et al.
2000). Thus, low doses of xenobiotics below the adverse ef-
fectconcentrationsmaybemore risky thanso far considered
by ERA (Sielken and Stevenson 1998; Calabrese 2008, 2010),
particularly under GCC conditions.
Therefore, in this study we aimed to investigate the com-
binedeffectsofchroniclow-dosepesticideexposureandGCC
in a multigeneration study. The ecotoxicological model or-
ganism Chironomus riparius (Meigen 1804) was chosen as a
test organism. This aquatic insect (Diptera, Chironomidae)
species is a standard test organism in aquatic ERA (OECD
2004) and former research papers hint to complex effects
of both chemical and thermal stressors on multigeneration
population dynamics (Postma and Davids 1995; Vogt et al.
2007a, 2007c; Nowak et al. 2009). We hypothesized (1) that a
low-dose(belowNOAEC)concentrationofthepesticidewill
show signiﬁcant effects on life history and genetic diversity
of C. riparius populations in long term, and (2) that disre-
garding seasonal temperature variation under current and
potential GCC conditions will lead to false-negative estima-
tions of the environmental risk of low doses of pesticides to
aquatic species.
To test these hypotheses, we incipiently assessed the
concentration–response relationship of a model fungicide,
pyrimethanil, on C. riparius via a toxicity test lasting for
one generation including reproductive endpoints for the in-
vestigation of population-level effects (OECD 2004). The
multigeneration effect of a low fungicidal concentration
(NOAEC/2) as derived from the life-cycle toxicity test was
subsequently investigated under a typical temperature sit-
uation for cold-temperate watercourses (slow ﬂowing or
nonstratiﬁed) in spring and summer of (1) a cold year in
1990–2005, (2) a warm year in 1990–2005, and (3) a warm
year expected for 2070–2100. During the multigeneration
study, parameters related to survival, emergence, reproduc-
tion,populationgrowth,andgeneticdiversitywereanalyzed.
Materials and Methods
Life-cycle toxicity test
To obtain a concentration–response relationship for
pyrimethanil (4,6-dimethyl-N-phenyl-2-pyrimidinamine),
ﬁrst-instar larvae (L1-larvae) of C. riparius (laboratory-
maintainedcultureatGoetheUniversity,FrankfurtamMain,
Germany)wereexposedforonegenerationtocontrol/solvent
control conditions and to six nominal pyrimethanil concen-
trations(2,4,8,16,24,and32mg×L–1 Pestanal
R  
,analytical
standard (Fluka), Sigma-Aldrich, Taufkirchen, Germany).
Pyrimethanil was adopted as model fungicide due to sev-
eral experimentally advantageous characteristics, such as the
low risk for human health, the moderate water solubility
and degradation time, the negligible degradation via hydrol-
ysis and photolysis, and the ease of sound quantiﬁcation
(EFSA 2006). Pyrimethanil is often appliqu´ ed in vineyards
(≤1k g ×ha–1, once a year), apple orchards, and protein pea
cultures (≤600 g×ha–1, 2–3 times per year, EFSA 2006). The
predicted environmental concentration of pyrimethanil in
surface waters (PECsw)a c c o u n t st o≤90 µg×L–1 for apple
orchards and ≤27 µg×L–1 for vine cultures (EFSA 2006).
In accordance, pyrimethanil was frequently detected in Eu-
ropean surface waters at concentrations up to 22 µg×L–1
(Schlichtig et al. 2001; Verdisson et al. 2001; Kreuger et al.
2010). It has however to be noted, that high amounts of
pyrimethanil are regularly released from sewage plants into
theaquaticenvironment(upto200g×week–1 in1999–2000,
up to 400 g×week–1 in 2006, up to 80 g×week–1 in 2007),
in particular during summer months (Schlichtig et al. 2001;
Blarr 2008).
The test was carried out according to OECD guideline 219
(OECD 2004). Each treatment consisted of ﬁve replicates
for biological analysis and one replicate for weekly physi-
cal/chemical measurements. Midges were exposed in an en-
vironmental chamber to 20 ± 1.5◦C and 60% humidity for
28 days. Light was provided by daylight
R  
tubes (18 W/840,
Osram,M¨ unchen,Germany)andsetto1800Luxanda16:8h
light:darkcycle.Fourdayspriorexperimentalstart,10freshly
laid egg ropes were separated from stock culture into 24-well
plates(2mLreconstitutedwater[conductivity537µS×cm–2,
pH 8.4] per well).
Hatched larvae were pooled and L1-larvae were randomly
inserted into 2-L quartz glass test vessels ﬁlled with aged
sediment (5 days) and 1 L reconstituted water. The sedi-
ment consisted of washed and sterilized (24 h at 220◦C)
quartz sand (QuickMix
R  
, quick-mix Gruppe, Osnabr¨ uck,
Germany) with following granulometry: 0.1% > 500 µm,
34.3% > 250 µm, 50.0% > 150 µm, 10.6% > 125 µm,
5.0% > 63 µm, and 0.03% > 20 µm. In addition, sediment
contained 0.4% handpicked leaves of Fagus sylvatica (parti-
cle size <500 µm; wetted with 111 mL reconstituted water
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per gram). Subsequent placement of the L1-larvae (60 per
vessel, 0.1 larvae×cm–2), either 200-µl reconstituted water
(control), 200-µl ethyl acetate (solvent control), or 200 µlo f
pyrimethanil solved in ethyl acetate (six levels) were added
and gently dispersed. One day after application, vessels were
slightly aerated and covered with gauze (mesh size 1.5 mm).
Every other day, larvae were fed with ﬁnely grounded ﬁsh
food (Tetra Min
R  
, Tetra GmbH, Melle, Germany) with 0.25
mg×larvae–1×day–1 (day 1–5), 0.5 mg×larvae–1×day–1
(day 6–11) and 1 mg×larvae–1×day–1 (from day 12 on-
wards).
Number and sex of emerged adults and dead pupae
were daily monitored, and all adults of one replicate were
transferred with an exhauster to individual breeding cages
(20×20cm×15cm).Aglassdishﬁlledwithapproximately
50-mL reconstituted water was placed into each breeding
cagetoallowforoviposition.Waterinovipositioncontainers
was renewed every second day. Eggs were daily collected into
24-well plates ﬁlled with 2-mL reconstituted water per well.
Temperature, oxygen saturation, and pH (CellOx 325, Sen-
Tix 11, WTW, Weilheim, Germany) were weekly measured
in the extra test vessels and at the beginning and end of the
test in the biological replicates. Conductivity (TetraCon 325,
WTW) was examined at the beginning and at the end of
experiment, other than nitrite, ammonium, and phosphate
( A q u a q u a n t ,M e r c k ,D a r m s t a d t ,G e r m a n y )m e a s u r e da tt h e
e n do ft h ee x p e r i m e n t( d a y2 9 ) .
Multigeneration experiment
To estimate the response of C. riparius to combined thermal
and low-dosed fungicide pollution under current conditions
and a future climate change scenario, we performed a multi-
generation experiment over a duration of 140 days (four to
ﬁve generations). L1-larvae of C. riparius were exposed to
2-mg pyrimethanil L–1 at the beginning of each generation.
The multigeneration study was conducted in environmen-
tally controlled cabinets (MKKL 1200, Flohrs Instruments
GmbH, Utrecht, Netherlands) to implement three dynamic
temperature treatments. Dynamic temperature regimes rep-
resented a typical cold year in 1990–2005 (cold year–CY), a
warm year in 1990–2005 (warm year–WY), and a tempera-
ture regime expected for a warm year in 2070–2100 (future
warm year–WYF).
Water temperature regimes simulated in CY and WY
are characteristic for mid of April until end of August in
1990–2005andareguidedbynear-surfacetemperaturesmea-
suredattwositesofalarge,slow-ﬂowingriver(Main),andin
anonstratiﬁedquarrypond(natureprotectionareaMainﬂin-
gen,Germany)during1990–2005(HLUG2010;Fig.1).Tem-
perature curves followed the equation (1) y =− 0.0013x2 +
0.51x — b,w i t hb = 22.7◦C for CY and b = 25.2◦Cf o rW Y ,
while b = 28.1◦C in the WYF scenario. The prospective wa-
Figure 1. Thermal settings (lines), measured daily temperature variance
(inset), and life-cycle duration of consecutive C. riparius generations
(symbols) during the multigenerational study. CY = simulation of a cold
growing season in 1990–2005; squares = WY exposure; WY = simula-
tion of a warm season in 1990–2005; circles = WYF exposure; WYF =
simulation of a projected warm season in 2050–2080; open symbols =
start of generations; crossed symbols = end of ﬁnal generations; dia-
monds = CY exposure.
ter surface temperature increase of maximal 2.9◦Ci nJ u l yi s
basedontheassumptionthatshallowlakeswillheatupatthe
sameorhigherratethanduringthelast40years.Forinstance,
shallow lakes in the Netherlands heated up by 0.042◦C×yr–1
from 1961 to 2006 (Mooij et al. 2008) and the lakes Winder-
mere, Esthwaite Water, and Loch Leven in United Kingdom
by 0.04–0.05◦C×yr–1 from 1976 to 2005 (Thackerey et al.
2010). Considering a comparative heating rate, temperature
would have increased about 2.9◦Ci n∼2080. This scenario
ﬁts well with the modeled maximal temperature increase of
2–4◦CintheepilimnionoftheAmmersee(Germany)aspre-
dicted for 2100 (Danis et al. 2004).
Air temperature in the environmental cabinets was daily
adjusted to the speciﬁc temperature gradient in 0.1◦Cs t e p s
and recorded (TL20 loggers, AMZ Großhandels KG, Main-
hausen,Germany)at20-minutetimeinterval.Simulatedday
length coincided with the natural day length in Frankfurt
am Main and was weekly adjusted in 15–20 min steps. The
irradiation period increased from 13.5 h light d–1 (mid of
April) to 16.2 h light d–1 (end of June) and decreased to
15.0 h light d–1 (mid of August). Light was provided by ﬂu-
orescent tubes (TL-D tubes, 18W/865, Philips GmbH, Ham-
burg, Germany). Light intensity was set to 6400 Lux and
relative air humidity to 60%.
Preparationandexperimentalimplementationforasingle
generation was conducted as described for the life-cycle tox-
icity test with slight modiﬁcations. In short, merely 900-mL
reconstitutedwatercoveredthesedimentlayerduringwater-
sediment aging for 3–5 days. Furthermore, pyrimethanil was
appliedtoL1-larvaein100mLportions(20mgpyrimethanil
L–1 reconstitutedwater).Besides,ovipositioncontainersand
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wells with separated egg ropes were ﬁlled with either recon-
stituted water (control ropes) or 2 mg L–1 pyrimethanil so-
lution. A new generation was started if any emergence could
be observed for three days in the previous generation of the
respectivetemperatureregime.Tenwell-developedeggropes
per treatment were pooled (only nine egg ropes for both F4
generationsinWY,onlyfoureggropesforF3controlinWYF)
and 60 larvae randomly transferred to each test vessel.
Life-cycle parameters
Nonemergedmidgeswerecomputedaspercentagemortality
per replicate. From emerged midges, sex ratio, development
rateperday,andmeanemergencetime(EmT50)ofmalesand
females were calculated. For the calculation of development
rate, experimental life-cycle duration as well as median age
of larvae at day of insertion were considered. EmT50 of males
and EmT50 of females were estimated to be the day when
50% of males or females emerged. Therefore, the natural
logarithm (x) of time [day] was plotted against the num-
ber of normalized [%], cumulated, emerged male or female
midges for each replicate, and nonlinear regression analy-
sis was completed (logistic curve, maximal response = 100,
GraphPad Prism
R  
, version 5.01, Graph Pad software). In
additiontothespeciﬁcationsofOECDguideline219(OECD
2004),fourreproductiveparametersofC.riparius werescru-
tinized.Mediantimeuntiloviposition(timebetweenmedian
day of emergence and median time of breeding), number of
eggs per egg mass (size of egg ropes), and sum of fertile or
produced eggs (offspring and potential offspring) were de-
termined for each replicate. Numbers of eggs per rope were
counted before larvae hatched (for method see Vogt et al.
2007a) and fertility of eggs was scrutinized up to 8 days. A
potential population growth rate (PGR) was computed for
each replicate according to a simpliﬁed Euler–Lotka model
and based to the calculation of Vogt et al. (2007b). The PGR
calculatedinthisstudyaccountsforthepotentialnegativeef-
fectsofsmallswarmsizeperreplicateonfertility.Calculation
ofPGRasproposedbyVogtetal.(2007b)wasthereforemod-
iﬁed by the parameters potential offspring and median day
untilovipositioninsteadofoffspringandEmT50 offemales.
Genetic diversity
In order to reveal potential effects of the chemical and tem-
p e r a t u r et r e a t m e n to nt h el e v e lo fg e n e t i cv a r i a b i l i t yi nt h e
multigenerational study, expected (HE)a n do b s e r v e d( H0)
heterozygosity values of the source population and the ﬁnal
generations of all treatments were measured at ﬁve variable
microsatellite loci (Nowak et al. 2006). For this purpose,
24 adults from the stock population and 18 individuals from
eachpopulationoftheﬁnalgenerationweretakenandstored
separately under dry conditions for genetic analysis. Labora-
tory procedure was performed as described in Nowak et al.
(2006, 2007a). In brief, DNA was extracted using a stan-
dard chloroform procedure. Microsatellite fragments were
ampliﬁed via polymerase chain reaction and visualized by
size separation on a 3730 DNA analyzer (Applied Biosys-
tems, Foster City, CA). Alleles were scored with GeneMarker
software (Softgenetics, State College, PA). HE and H0 val-
ues were calculated across loci, and chi-square test followed
by Bonferroni correction was used to check for signiﬁcant
deviations from Hardy–Weinberg equilibrium (HWE). Pop-
ulation genetic parameters were calculated using Genalex
software (Peakall and Smouse 2006).
Pyrimethanil analysis
For pyrimethanil analysis, the test medium (1 mL) was sam-
pled from all test vessels approximately 1 h after application
a n da tt h ee n do ft h ee x p e r i m e n to rg e n e r a t i o n ,s t o r e da t
−20◦C,andpuriﬁed(centrifugationat13,000rpmfor1hand
0.2 µm ﬁltration, Minisart RC 4, Satorius, G¨ ottingen, Ger-
many).Inaddition,≥2.5mgsedimentwastakenfromthetop
layers(≥1cm)attheendofeachexperimentalgenerationand
stored at −20◦C. For pyrimethanil extraction, 2 g wet sedi-
mentwasspikedwith4mLethylacetate(>99.9%pure).This
blendwasbathedinultrasonicsoundfor15min,stronglyad-
mixed and centrifuged at 4400 rpm for 10 min. Supernatant
was spiked with 500-µl dimethyl sulfoxide (>99.8% pure)
and evaporated under nitrogen ﬂow. Sediment extracts were
directly ﬁltered (0.2 µm, Minisart SRP, Satorius, Germany)
into high pressure liquid chromatography (HPLC) vials.
Qualiﬁcation and quantization of pyrimethanil was con-
ducted by HPLC using a C18 column (precolumn 4.3 × 10
mm, main column 4.3 × 150 mm, 5-µm particle size, 120-˚ A
pore size, Acclaim 120, Dionex, Idstein, Germany) and an
HPLC-UV system (software Chromeleon Version 6.60 SP2
build 1472, Dionex). The applied isocratic method operated
with 40% methanol (A)/60% pure water (B) as a mobile
phase (1 mL×min–1). After injection of 20 µl of sample, the
mobile phase was gradually increased to 94% A/6% B within
18 min (25◦C). Subsequently, the column was equilibrated
at 40% A/60% B for 5 min. Retention time of pyrimethanil
averaged to 14.5 min. Pyrimethanil concentrations were de-
duced from peak area relative to that of an internal standard
at 254 nm. Calibration line (n = 3) was linearly correlated
from 10 µgL –1 up to 50 mg L–1 pyrimethanil (Pestanal R  ,
Sigma-Aldrich). Limit of detection was 34 ng L–1 (3.3-fold
residual SD from linear regression). Limit of quantiﬁcation
was 3.3 µgL –1 (Eurachem approach: 0–21 µgL –1, n = 6, see
Vial and Jardy 1999). Time-weighted mean of pyrimethanil
concentration ( = average actual concentration, AAC) in the
testmediawascalculatedasdescribedbyOECDguideline211
(OECD 1998). Sediment recovery rate averaged to 68.3%.
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Statistical analysis
Life-cycle data are reported as mean ± standard deviation.
In the life-cycle toxicity test, NOAEC and EC50/LC50 val-
ues (50% effective/lethal concentrations ± 95% conﬁdence
interval [CI]) were calculated from concentration–response
relationships by means of nonlinear regression analysis (x =
log(x), software GraphPad Prism
R  
, version 5.01, GraphPad
Software Inc., La Jolla,CA). To detectthe NOAEC in the life-
cycle toxicity test and to test for differences among ACC of
pyrimethanil of three temperature scenarios, Tukey’s multi-
plecomparisontestwasperformed,subsequenthomogeneity
ofvariances(Bartlett’stest,P <0.05)wasprovenandunifac-
torial Model I analysis of variance (ANOVA) (F, P < 0.05)
accomplished (software GraphPad Prism
R  
). Life-cycle toxi-
cityt estdataw er ear csinetransformedinthecaseofper c ent-
age data and square root transformed if heterogeneous. Still
nonparametric data were tested with Kruskal–Wallis test fol-
lowed by Dunn’s test (P < 0.05). Multigenerational life-cycle
datawerestatisticallytestedeitherasrawortransformeddata
as speciﬁed in Table 2 (software Statistica, version 7.1, Stat-
Soft, Inc., Hamburg, Germany). Homogeneity of variances
wastestedwithCochran’sorLevine’stest(P <0.01,Table2).
Effects of independent variables pyrimethanil, temperature
scenario,andtime(generation)wereestimatedbyarepeated
measurement two-way ANOVA.
Results
Toxicity of pyrimethanil on C. riparius
during one generation
The life-cycle toxicity test with C. riparius was valid accord-
ing to the OECD guideline 219 (OECD 2004): oxygen satu-
ration was ≥70%; pH ranged between 7.1 and 8.2; survival
of controls was ≥72% and emergence took place between
day 13 and 24 with 0.06 midges per day. The water chem-
istry did not show concentration-dependent developments
(0–0.14 mg L–1 phosphate; 30–80 µgL –1 nitrite; 0–8 mg L–1
ammonium).EmT50 ofuntreatedfemalesaveragedto18.4±
0.99 days in controls and 18.2 ± 0.85 days in solvent con-
trols. Proportion of emerged females (compared to males)
amounted to 53 ± 14% in controls and 47 ± 7% in solvent
controls. Females produced 8981 ± 3447 and 7551 ± 1824
eggs,45±16%and56±27%thereofwerefertile.Thecalcu-
lated PGR was 1.21 ± 0.05 and 1.22 ± 0.05 (control/solvent
control), respectively.
For the endpoint mortality, a NOAEC of 4 mg L–1 and
an LC50 of 9.27 [CI 8.20–10.47] mg L–1 pyrimethanil were
calculated on the basis of a clear concentration–response re-
lationship using nominal concentrations (NOM, Fig. 2A).
The respective lethal concentrations based on AAC for mor-
tality were: NOAEC = 2.83 mg L–1 and LC50 = 5.95 [CI
5.41–6.55] mg L–1 pyrimethanil. At the lower range of tested
Figure 2. Chironomus riparius in the life-cycle toxicity test with
pyrimethanil. (A) Mortality [%, mean ± SD]. (B) Offspring per female
[number of fertile eggs per female ± 5/95 percentiles]. NOAEC = no-
observed-adverse-effect concentration; LC10 = concentration causing
10% lethal effect; LC50 = concentration causing 50% lethal effect; C =
control; asterisk = signiﬁcant difference to control (P < 0.05).
pyrimethanilconcentrations,developmentandreproduction
were less affected than survival. The estimation of effective
concentrations for the endpoint emergence time was not
possible as regressions were too steep. EmT50 was slightly
reduced until 24 mg L–1 pyrimethanil (16.2 ± 3.11 days at
24 mg L–1 [NOM]
∧ = 19.6 mg L–1 [AAC]; 15.0 days at 32
mg L–1 [NOM]
∧ = 21.7 mg L–1 [AAC]) albeit EmT50 did
n o td i f f e ri nv a r i a n c ea ta l l .T h ed e v e l o p m e n tr a t eo f0 . 0 6
midges per day was unaffected up to 8 mg L–1 pyrimethanil
(5.32 mg L–1 [AAC]).
Analysis of reproductive endpoints led to a NOAEC of
8mgL–1[NOM](
∧ =5.32mgL–1[AAC]),whilereproduction
was nearly entirely inhibited at 16 mg L–1 [NOM] (
∧ = 9.07
mg L–1 [AAC]). It has to be noted, however, that both the
total and fertile egg production per female were signiﬁcantly
enhanced by 2 mg L–1 pyrimethanil [NOM] (
∧ = 1.36 mg
L–1 AAC) compared to controls (P < 0.05, Fig. 2B). The
PGR evidenced a concentration–response relationship with
an AAC-corrected NOAEC of 5.32 mg L–1 and EC50 of 13.1
[CI 8.09 to 21.3] mg L–1 pyrimethanil.
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Interactive effects of pyrimethanil and
temperature during consecutive generations
Water chemistry
I nt h et e s tm e d i a ,p Ha v e r a g e dt o7 . 6± 0.4 and oxygen sat-
uration to 88.8 ± 11.1% over all generations and scenarios,
respectively.Aftercompletionofageneration,phosphatevar-
ied between 0 and 0.3 (CY), 1.84 (WY), or 3 (WYF) mg L–1,
while conductivity ranged from 595 to 633 µSc m –1 (CY),
494 to 729 µSc m –1 (WY), or 513 to 918 µSc m –1 (WYF).
Nitrite amounted on average to 0.11 ± 0.19 mg L–1,n i t r a t e
to 5.0 ± 6.1 mg L–1, and ammonium to 4.5 ± 3.2 mg L–1.
Pyrimethanil in the test media (AAC) averaged over all gen-
erations to 1.20 ± 0.07 mg L–1 (CY), 1.38 ± 0.15 mg L–1
(WY), or 1.11 ± 0.23 mg L–1 (WYF) and pyrimethanil in
the upper sediment layers at the end of generations to 0.23±
0.14 µgg –1 (CY), 0.33 ± 0.25 µgg –1 (WY), and 0.22 ±
0.09 µgg –1 (WYF). The mean AAC in the WY scenario was
signiﬁcantly higher than in the CY and WYF scenario (P ≤
0.001), while the AAC per generation (Table 1) revealed no
correlation with the mean temperature per generation (R2 ≤
0.19). Pyrimethanil content in the upper sediment layers did
not differ within and among three scenarios (P > 0.05; Ta-
ble 1).
Life history
Within the experimental period mid of April until end of
August, C. riparius generated ﬁve generations in the simu-
lations CY and WY within 139 and 125 days, respectively
(Fig. 1). Four generations were produced under the WYF
scenario within 90 days but insufﬁcient hatching of agile lar-
vae impeded the establishment of a ﬁfth generation with full
replicability.Life-cycleparametersweremainlycontrolledby
t e m p e r a t u r es c e n a r i oa n dt e m p e r a t u r eg r a d i e n t ,t h el a t t e r
being inseparable from number of generations and dynamic
light duration (Table 2). The two main factors caused highly
signiﬁcant, individual, and interactive effects on almost all
life-cycle parameters of C. riparius. The concentration of 2
mg pyrimethanil L–1 had a weak impact on life-cycle pa-
rameters that signiﬁcantly altered over time. The interaction
pyrimethanil ‘ generation affected seven of 10 studied life-
cycle parameters, whereas pyrimethanil ’ temperature sce-
nario caused interactive effects on only three of 10 life-cycle
parameters related to emergence and reproduction. Merely
the endpoints development rate and PGR were interactively
inﬂuenced by pyrimethanil ‘ temperature ’ generation.
Temperature and pyrimethanil caused most conclusive ef-
fects on mortality, the number of fertile eggs, and the PGR
(Figs.3–5);andarethereforedescribedinthefollowing,while
otherendpointsarepresentedintheAppendix.Lethaleffects
on C. riparius were most pronounced in the future scenario
as maximum control mortality was 39% in CY (F3 genera-
tion) and 26% in WY (F3 generation), but 52% in WYF (F2
generation; Fig. 3). Furthermore, mortality of C. riparius in
F4 decreased only in CY and WY after reaching its maxi-
muminF3.UnderpyrimethanilexposureintheCYscenario,
Table 1. Mean temperature (◦C), median time-weighted pyrimethanil concentration in the water phase [mg L–1], and median pyrimethanil concen-
tration in the sediment (µgg –1) ± SD for each generation (F0–F4) in three temperature scenarios CY, WY, and WYF simulated in the multigenerational
study.
CY WY WYF
Mean temperature F0 15.21 (± 2.12) 17.34 (± 1.7) 20.14 (± 1.65)
F1 19.96 (± 0.77) 21.82 (± 0.86) 24.62 (± 0.99)
F2 21.7 (± 0.3) 23.76 (± 0.39) 26.92 (± 0.36)
F3 22.02 (± 0.11) 24.56 (± 0.16) 27.97 (± 0.22)
F4 20.65 (± 0.7) 24.27 (± 0.58) x
Pyrimethanil in surface water (TWA) F0 1.02 ± 0.08 0.96 ± 0.07 1.56
F1 1.22 ± 0.32 0.96 1.35
F2 0.92 ± 0.27 1.38 ± 0.08 1.03
F3 1.76 ± 0.36 1.16 1.55 ± 0.30
F4 1.83 0.73
Mean 1.20 ± 0.07a 1.38 ± 0.15b 1.11 ± 0.23a
Pyrimethanil in the upper sediment layer F0 0.19 ± 0.04 0.91 0.21 ± 0.06
F1 x0 . 3 1 ± 0.11 x
F2 0.15 ± 0.03 0.45 ± 0.22 0.26 ± 0.10
F3 0.41 ± 0.14 x 0.19 ± 0.07
F4 0.12 ± 0.07 0.12 ± 0.08
Mean 0.23 ± 0.14 0.33 ± 0.25 0.22 ± 0.09
CY = simulation of a cold growing season in 1990–2005; WY = simulation of a warm season in 1990–2005; WYF = simulation of a projected warm
season in 2050–2080. n (pyrimethanil generation–1) = 1o r6 ;x= samples lost; uppercase letters = signiﬁcant differences (Tukey post test).
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Table 2. Repeated two-way ANOVA of life-cycle parameter of C. riparius during a multigenerational study. Ten dependent (life-cycle parameter)
and three independent variables (pyrimethanil treatment ‘ temperature scenario ’ generational time) were tested. Applied data transformations for
statistical analysis are speciﬁed in brackets.
Life-cycle parameter P T Gen P ´ T P ´ Gen T ´ Gen P ‘ T ” Gen
df 1 2 4 2 4 8 8
Mortality F 0.50 1.92 45.95 1.48 2.94 11.99 1.10
[arcsine/square root] p 0.49 0.17 <0.001 0.25 0.02 <0.001 0.37
∗∗∗ ∗ ∗∗∗
Developmental rate F 8.70 286.70 1271.50 10.10 7.70 890.70 3.90
[raw] p <0.01 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗
Proportion of emerged F 0.62 25.77 6.53 0.83 0.63 9.36 1.56
Females p 0.44 <0.001 <0.001 0.45 0.65 <0.001 0.15
[arcsine/square] ∗∗∗ ∗∗∗ ∗∗∗
Mean emergence time F 0.59 1152.29 6.53 1.48 0.63 9.36 1.56
(EmT50) of females p 0.45 <0.001 <0.001 0.25 0.65 <0.001 0.15
[raw] ∗∗∗ ∗∗∗ ∗∗∗
Mean emergence time F 5.10 52039 47296 4.10 3.40 43071 1.50
(EmT50) of males p 0.03 <0.001 <0.001 0.03 0.01 <0.001 0.18
[ln] ∗∗∗ ∗∗∗ ∗ ∗ ∗∗∗
Mean time until F 1.93 26.16 15.27 1.10 4.94 6.04 0.74
Oviposition p 0.18 <0.001 <0.001 0.35 <0.01 <0.001 0.65
[raw] ∗∗∗ ∗∗∗ ∗∗ ∗∗∗
Mean size of egg ropes F 3.02 26.93 128.40 4.37 0.85 7.33 0.78
[square] p 0.10 <0.001 <0.001 0.02 0.50 <0.001 0.62
∗∗∗ ∗∗∗ ∗ ∗∗∗
Sum of fertile eggs F 0.75 9.54 37.29 1.61 3.77 4.32 0.88
= offspring p 0.40 <0.001 <0.001 0.22 0.007 <0.001 0.54
[square root] ∗∗∗ ∗∗∗ ∗∗ ∗∗∗
Offspring per female F 1.50 16.72 15.27 2.27 4.94 6.04 0.74
[square root] p 0.23 <0.001 <0.001 0.13 <0.01 <0.001 0.65
∗∗∗ ∗∗∗ ∗∗ ∗∗∗
Potential growth rate F 0.57 80.00 142.11 0.54 3.59 93.01 2.14
(PGRpot) p 0.46 <0.001 <0.001 0.59 0.009 <0.001 0.04
[raw] ∗∗∗ ∗∗∗ ∗∗ ∗∗∗ ∗
P = pyrimethanil; T = temperature scenario; Gen = generational time/thermal gradient; df = degree of freedom; F = model mean square: error mean
square; p = probability; ∗ = signiﬁcant; ∗∗ = highly signiﬁcant; ∗∗∗ = highest signiﬁcant.
a 13% higher mortality than in controls was observed in
the F2 generation. This difference between treatments van-
ished in the following F3 generation and reversed in the F4
generation, where control exhibited a 16% higher mortality
than the fungicide treatment. Pyrimethanil-induced mortal-
ity under scenario WY was twice as high (50%) as control
mortality (26%) during F2 generation, while this negative
effect withered as well in the following generations (14%
higher PYR mortality in F3, 4% higher PYR mortality in
F4). In the warmest scenario WYF, mortality increased up to
62–63% in pyrimethanil treatments during F2 and F3 gen-
eration, although high temperature caused a likewise high
control mortality of 47–52%.
The size reduction of egg ropes with increasing genera-
tional time and temperature was mirrored by a reduced sum
of fertile eggs in both warm year scenarios, but not in the
CY scenario (Fig. 4; Table A1). An additional pyrimethanil
exposure insigniﬁcantly increased the sum of fertile eggs per
female in 50% of overall generations (CY: F0 and F1 genera-
tion, WY: F0 and F2 generation, WYF: F0,F 1,a n dF 2 genera-
tion; Fig. 4), while pyrimethanil slightly reduced the amount
of fertile eggs per female in the CY F3 generation and F1 and
F3 generation in the WY simulation (Fig. 4A–C).
The PGR followed the temperature dynamics and was
most strongly inﬂuenced by temperature scenarios and gen-
erational time (Fig. 5A–C; Table 2). Minimal PGR of 1.15
was discerned in controls of CY F0 generation and in the
pyrimethanil treatment of the ﬁnal F3 generation within
WYFscenario.MaximalPGRincontrolpopulationscounted
to 1.33–1.36 in three scenarios (CY F2 generation, WY
F1,F 2,a n dF 3 generations, WYF F2 generation). Effects of
pyrimethanil exposure on PGR were ambiguous. On the one
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Figure 3. Mortality [%, mean ± SD] of C.
riparius after exposure to control conditions
(uniform bars) or 2 mg L–1 pyrimethanil
(striped bars) during consecutive generations
at three dynamic temperature regimes. CY =
simulation of a cold growing season in
1990–2005 (white bars); WY = simulation of
a warm season in 1990–2005 (light gray);
WYF = simulation of a projected warm season
in 2050–2080 (dark gray); C = control
treatment; PYR = pyrimethanil treatment;
F0–F5 = consecutive generations; x = no data.
hand, pyrimethanil slightly reduced the PGR in the CY F3
generation by 6.7% and in the WYF F3 generation by 8.0%.
On the other hand, pyrimethanil slightly enhanced the PGR
in the WY F0 generation by 4.9%.
Genetic diversity
I nt h es o u r c ep o p u l a t i o n ,a l ll o c is h o w e dc o n s i d e r a b l ea l l e l i c
variation with HE and H0 values of 0.59 and 0.58, respec-
tively (Table 3). Similar values were obtained under control
conditions after four-to-ﬁve generations (HE = 0.55–0.65).
Measuredheterozygosityvaluesinthepyrimethanil-exposed
populations, in contrast, were lower than the respective val-
ues in the controls. Lowest HE and H0 values were obtained
forthepyrimethanil-treatedpopulationunderthewarmyear
futurescenario(H0 =0.35;HE =0.46),whichtranslatesinto
a 41% (H0) and 21% (HE) loss of allelic variation compared
to the source population. After four-to-ﬁve generations, a
signiﬁcant deviation from HWE was found in two control
treatments(CY,WY)atasinglelocus,andatthreelociinthe
pyrimethanil-treated WYF population.
Discussion
The present study highlighted the importance of climate
changeresearch,includingmultipleendpointsintoxicitytest-
ingtobetterunderstandtheecotoxicologicalriskoflowdoses
of agrochemicals arising in the future. At ﬁrst, the results of
the multigeneration study provided clear evidence that GCC
conditions pose a high risk for C. riparius populations. Sec-
ond, adverse effects on C. riparius observed under future
climatesimulationbecamestrengthenedbyasupplementin-
ﬂuence of a regulatory approved NOAEC/2 of the fungicide
pyrimethanil. Although the fungicidal impact on life-history
parameters was relatively weak over multiple generations,
the strongly degraded genetic diversity under contemporary
thermal and fungicidal stress might reduce the resilience of
C. riparius against forthcoming stressful environments.
Temperature has been ascribed a major role in the ecology
of chironomids (Larocque–Tobler et al. 2010). Other factors
such as the degree of genetic variation (Vogt et al. 2007c;
Oetken et al. 2009), larval density (Hooper et al. 2003),
food supply (P´ ery and Garric 2006), photoperiod (Danks
1978; Ineichen et al. 1979), and oxygen level (McFarlane and
McLusky 1972; Airas et al. 2008) strongly inﬂuence the ther-
mal and/or xenobiotic response of chironomid populations.
For instance, developmental time of C. riparius was simi-
lar at limiting and ad libitum food conditions at 15◦C, but
n o ta t2 0 ◦C and temperatures above (P´ ery and Garric 2006).
Inaddition,geneticallyimpoverishedC.ripariuspopulations
weremoresusceptibletotributyltin(TBT)atincreasingtem-
perature rather than genetically diverse populations (Oetken
et al. 2009). To avert those limitations from our multigen-
eration study, we initially exposed a genetically rich source
population of C. riparius at low larval density and provided
ad libitum larval food with precautionary food buffer in the
sediment, naturally adapted photoperiods, and a high oxy-
gensaturationovertheexperimentalperiod(cf.Hooperetal.
2003;Charlesetal.2004;Nowaketal.2007b;Vogtetal.2007c;
Airas et al. 2008). At this setting favorable for population
growth, life-history traits of the ectotherm midge followed,
as expected, the shifting temperature gradients. The higher
the temperature was, the higher the mortality, the faster the
emergence, and the stronger the depression of reproduction
and population growth (Figs. 3–5; Table A1). These ﬁndings
generally support several previous studies with C. riparius,
with few deviations (P´ ery and Garric 2006; Vogt et al. 2007c;
Oetken et al. 2009).
Emergence time of C. riparius is slightly reduced at near-
natural temperature conditions if compared to EmT50 val-
ues reported for genetically rich populations after constant
temperature exposure (Table A1; Vogt et al. 2007c; Oetken
et al. 2009). The accelerated development under ﬂuctuating
temperature is well known as Kaufmann’s effect or thermal
hormesis(Kaufmann1932;KeenandParker1979).Thehigh
mortalityandfailureofC.riparius toeffectivelyreproduceat
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Figure 4. Offspring per female [number of fertile eggs per female ±
5/95 percentiles] of C. riparius. Offspring per female is produced by
either control(white boxes)or2 mgL–1 pyrimethanil(gray boxes)treated
midges during consecutive generations (F0–F5) under simulation of (a) a
typicalcoldyearin1990–2005(CY),(b)awarmyearin1990–2005(WY),
or (c) a temperature regime expected for a warm year in 2050–2080
(WYF).
a mean temperature of 26.9–28.0◦Cd u r i n gF 2/F3 WYF gen-
erationsweresurprising(Table1;Fig.3).At26.7◦C,noeffect
on survival and only a slight decrease in egg production was
observed in the study of P´ ery and Garric (2006). However,
whileweexposedeggsandL1-larvae,P´ eryandGarric(2006)
exposed only L4-larvae. An age-dependent thermotolerance
(Frouzetal.2002;BowlerandTerblanche2008)andthegen-
erally high susceptibility of early larval stages in Chironomus
may explain these observed differences. Likewise surprising
is the high control mortality (39%) in the F3 CY generation,
while the mean air temperature of 22.02 and a day–night
Figure 5. Potential population growth rate [PGR ± 5/95 percentiles] of
C. riparius. PGR over consecutive generations (F0–F5) is depicted either
if exposed to control conditions (white boxes) or 2 mg L–1 pyrimethanil
(gray boxes) under simulation of (A) a typical cold year in 1990–2005
(CY), (B) a warm year in 1990–2005 (WY), or (C) a temperature regime
expected for a warm year in 2050–2080 (WYF).
temperature variation of 0.13–0.22◦C( S D )s h o u l dn o tb e
stressful for C. riparius (OECD 2004). Since the water chem-
istry was in a good shape during the F3 CY generation, the
highcontrolmortalityisprobablybasedonthelossofgenetic
diversity (Vogt et al. 2007b), although the F4 CY generation
shouldnothavebeenrecoveredinthatcase.However,asimi-
larhighcontrolmortalityatthefourthC.riparius generation
and a subsequent recovery was observed at 20± 1◦Cb yV o g t
et al. (2007a) and might be an inherent response pattern of
C. riparius. The discrepancies in thermal responses under-
pin that thermal effects on early life-history stages should
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Table 3. Genetic diversity of C. riparius at ﬁve microsatellite loci during the multigenerational study. Observed (H0) and expected heterozygosity (HE
= gene diversity) values are shown.
Source CY-C CY-PYR WY-C WY-PYR WYF-C WYF-PYR
H0 0.59 0.551 0.43 0.651 0.54 0.60 0.353
% of source pop. 92.6 73.2 109.6 90.8 102.6 59.5
% loss to source pop. 7.4 26.7 −9.6 9.2 −2.6 40.5
% loss to control 21.5 17.6 41.6
HE 0.58 0.50 0.56 0.58 0.54 0.53 0.46
% of source pop. 85.3 95.7 98.5 91.7 89.4 78.7
% loss to source pop. 14.7 4.3 1.5 8.3 10.6 21.3
% loss to control −12.7 6.9 12.5
1Superscript letters indicate the number of loci with signiﬁcant deviation from Hardy–Weinberg equilibrium after Bonferroni correction.
be included to describe the thermal response of chironomid
populations comprehensively. Moreover, thermal hormesis
and individual responses of distinct generations should be
kept in mind if interpreting constant-temperature life-cycle
tests (Keen and Parker 1979).
The monthly July mean near-surface temperature (TJul)
strongly correlates with the abundance and species composi-
tion of chironomids (Larocque–Tobler et al. 2010). Hence
both present-day scenarios, in particular the warm year
present-dayscenario,providefavoritethermalenvironments
fortemperateC.riparius populations(Figs.1and3–5).Dur-
ing the last three to ﬁve decades, however, TJul of more than
a few northern hemisphere lakes has increased by approx-
imately 0.001–0.009◦Cy r –1 and in selected shallow lakes
of the Netherlands and in the United Kingdom by even
0.04–0.05◦Cy r –1 (Scheffer et al. 2001; Mooij et al. 2008;
Adrian et al. 2009; Thackeray et al. 2010). Regional mod-
els for Germany predict a mean air temperature increase in
summerby2.7–4.1◦Cin2071–2100(Jacobetal.2008).Thus,
temperate, particularly shallow water bodies may heat up by
approximately 1.4–2.9◦C in 2100 if calculating a 50–70% in-
crease of air temperature (Kristensen 2008) or by ∼3.7◦Ci f
considering an ascending slope of 0.042◦C TJul yr–1.U n d e r
such a thermally polluted situation (WYF scenario), popula-
tion dynamics of C.riparius were severely deteriorated. After
exposure to a critical temperature above the thermoneutral
zone as marked by an elevated mortality during two consec-
utive WYF generations, insufﬁcient number of agile larvae
were released to establish a ﬁfth experimental generation
with full replicability (Figs. 3, 4C, and 5C). Nonetheless, a
small number of larvae with an unaffected genetic diversity
werereleasedfromtheF3 WYFcontrolpopulationandcould
insure the population from extinction (PGR > 1; Fig. 5C;
Table 3).
The pyrimethanil concentration causing a beneﬁcial effect
on C.riparius reproduction in the life-cycle toxicity test pro-
voked slight-to-moderate and ambivalent life-history effects
at near-natural temperature conditions as simulated in the
multigeneration study (Figs. 1 and 3–5; Table A1). A trend
for stimulating effects of pyrimethanil was detected in the
multigenerational study, mostly in view of reproductive pa-
rameters (Fig. 4; Table A1). A stimulation of reproduction
in response to chemicals was likewise observed in two earlier
multigeneration studies and may reﬂect a general stress re-
action of C. riparius to low doses of pollutants (Ristola et al.
2001; Vogt et al. 2007a). At ﬁrst glance, stimulating effects
on reproduction, particularly in the beginning of the repro-
d u c t i v es e a s o n ,w o u l db eb e n e ﬁ c i a lf o rp o p u l a t i o ng r o w t h
in the long term. But hormesis is not mandatorily positive,
given that an overcompensation of xenobiotically interfered
homeostasisbywayofincreasedactivityofdefenseandrepair
mechanisms (e.g., antioxidant/DNA repair capacity) is ener-
getically expensive (Costantini et al. 2010). To maintain the
homeostasis, defense mechanisms are activated at very low
xenobiotic concentrations long before life-cycle parameters
response, which is especially true for C. riparius (Choi et al.
2002;Parketal.2009).Hence,anobservedstimulatoryeffect
ofpyrimethanilonthelifecycleofC.ripariusatacomforting
situation such as in a life-cycle toxicity test or at simulated
spring conditions should diminish or convert into a harmful
effect over several generations due to a cumulative energetic
imbalance, in particular under stressful temperature condi-
tions.
In fact, harmful effects of the low doses of pyrimethanil
were rarely detectable with the monitoring of life-cycle re-
actions of C. riparius as they often depend on generation
number (Figs. 3–5; Tables 2 and A1). Inhibiting and stim-
ulating pyrimethanil effects on survival, emergence, and re-
production often cancel each other, resulting in a neutral
population growth (Figs. 3–5; Table A1). Furthermore, ad-
verse pyrimethanil effects on survival of C. riparius in two
present-day scenarios vanish until the end of the summer,
which probably hints to an adaptive response (Fig. 3). Es-
pecially peculiar is the stimulation of survival in the CY F4
generation that contradicts the harmful effect obvious in the
F2 generation. Adaptation of metabolic systems to CY and
WY summer conditions may have reduced the overall stress
level, while in the CY F4 generation an overcompensation
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toward mild chemical stress may have occurred (Heugens
et al. 2001; Calabrese 2010). However, surprisingly strong ef-
fectsofthefungicideweredisclosedatarathercrypticparam-
eter, namely genetic variability. Pyrimethanil-exposed pop-
ulations showed generally lower heterozygosity values com-
pared to the respective control treatments (Table 3). These
results corroborate the belief that a pollution-induced loss of
genetic diversity can take place within few generations (Vogt
et al. 2010).
T h ec o n s i d e r a b l er i s ko ft h eN O A E C / 2o ft h ef u n g i c i d e
forthebiologicalmodelbecameapparentunderGCCcondi-
tions respecting the increased mortality, reduced population
growth, and the striking loss of genetic diversity of C. ripar-
ius (Figs. 3 and 5; Table 3). Although few larvae were still
released from the WYF F3 generation, a drop of >40% of the
initial heterozygosity was measured within only four gener-
ations. The rapid decrease of allelic variation in the WYF
pyrimethanil treatment is likely a side effect of the high mor-
tality and the consequently reduced swarm size. This reduc-
tionofindividualscontributingtothenextgenerationsledto
increased inbreeding rates and increased genetic drift effects,
resulting in lowered rates of heterozygosity. The extremely
lowered effective population size of C. riparius attributable
to mild fungicidal stress in the future scenario also explained
theincreasednumberoflocidepartingfromHWE,causedby
strong genetic drift effects in small populations. The effects
of genetic erosion for the long-term viability of a population
are not exactly predictable, but there is a general agreement
thatareducedgeneticdiversitywillleadto aloweredadapta-
tion potential to changing environmental conditions and is
frequently accompanied by reduced ﬁtness due to inbreed-
ing depression (Nowak et al. 2007b; Brown et al. 2009; Fox
and Reed 2011). At the same time, high genetic variation is
needed to allow species to cope with environmental pertur-
bations more ﬂexibly and thereby insure populations against
inevitableenvironmentalchanges.Thus,interactionofchem-
ical and thermal stress may severely reduce the ﬁtness of
C. riparius populations in the future, particularly once they
are affected by novel stressors.
The results highlighted the importance of climate change
research including multigenerational effects and multiple
endpoints to better understand and manage the ecotoxi-
cological risk of low-dosed agrochemicals under GCC. The
present study may help to understand more broadly how
aquaticspeciescopewithlowdosesofagrochemicalsatnear-
natural temperature regimes in general and at GCC condi-
tions in particular, and may provide a framework for further
studies. Multigeneration studies and the simulation of natu-
ral (climatic) conditions allow for more realistic assessments
and reveal, in combination with extensive life-history assess-
mentsandmeasuresofgeneticdiversity,otherwiseconcealed
effects. Our results indicate that not only the impact of cli-
matechange,butalso lowconcentrationsofpesticidesmight
pose a reasonable risk for aquatic insects in future. Therefore
theecotoxicologicalcommunityshouldadduceevidencethat
uncertaintyfactorsusedbyERAarestillprotectiveforaquatic
environments under climate change conditions to provide a
maximum level of protection for aquatic biodiversity and
ecosystem health.
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Appendix
The appendix presents the developmental and additional re-
productive endpoints as examined during the multigenera-
tionstudyaswellasthecalculationofthepopulationgrowth
rate after Vogt et al. (2007a).
Increasing temperature accelerated the development of
C. riparius (Table A1). Life-cycle duration was shorter or
equal in pyrimethanil treatments, only the pyrimethanil
treatment in F4-generation of CY scenario had a 1.5 days
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Table A1. Life-cycle parameter of controls or pyrimethanil-treated C. riparius at three dynamic temperature regimes CY, WY, and WYF examined
during consecutive generations (F0–F5). CY = simulation of a cold growing season in 1990–2005; WY = simulation of a warm season in 1990–2005;
WYF = simulation of a projected warm season in 2050–2080; C = control; P = pyrimethanil.
CY WY WYF
C PYR C PYR C PYR
Development rate F0 0.030 ± 0.001 0.030 ± 0.002 0.036 ± 0.001 0.036 ± 0.001 0.042 ± 0.002 0.043 ± 0.001
F1 0.043 ± 0.002 0.043 ± 0.002 0.047 ± 0.001 0.046 ± 0.002 0.053 ± 0.001 0.052 ± 0.001
F2 0.054 ± 0.002 0.055 ± 0.001 0.053 ± 0.002 0.055 ± 0.001 0.054 ± 0.001 0.054 ± 0.000
F3 0.052 ± 0.002 0.050 ± 0.002 0.059 ± 0.002 0.053 ± 0.002 0.061 ± 0.002 0.061 ± 0.001
F4 0.049 ± 0.002 0.050 ± 0.002 0.054 ± 0.001 0.049 ± 0.002 x x
Female fraction F0 0.51 ± 0.07 0.49 ± 0.03 0.51 ± 0.06 0.59 ± 0.07 0.49 ± 0.05 0.44 ± 0.06
F1 0.57 ± 0.03 0.53 ± 0.05 0.49 ± 0.09 0.53 ± 0.08 0.48 ± 0.08 0.53 ± 0.01
F2 0.46 ± 0.06 0.39 ± 0.13 0.52 ± 0.10 0.48 ± 0.09 0.51 ± 0.11 0.49 ± 0.05
F3 0.55 ± 0.07 0.53 ± 0.09 0.57 ± 0.08 0.48 ± 0.07 0.40 ± 0.07 0.46 ± 0.08
F4 0.54 ± 0.06 0.53 ± 0.04 0.50 ± 0.06 0.52 ± 0.08 x x
EmT50 of females F0 34.18 ± 1.67 33.55 ± 1.67 28.14 ± 1.02 27.94 ± 0.93 24.57 ± 1.05 23.87 ± 0.42
F1 23.63 ± 0.90 24.03 ± 0.90 21.55 ± 0.67 22.47 ± 0.82 19.17 ± 0.56 19.53 ± 0.72
F2 19.26 ± 0.66 18.81 ± 0.28 19.39 ± 0.55 18.70 ± 0.37 18.90 ± 0.49 18.93 ± 0.30
F3 19.90 ± 0.76 21.01 ± 0.64 17.97 ± 0.52 17.56 ± 1.08 17.63 ± 0.95 16.82 ± 0.93
F4 21.55 ± 1.23 22.68 ± 1.09 19.17 ± 0.24 20.70 ± 1.02 x x
EmT50 of males F0 32.25 ± 1.76 31.86 ± 2.20 27.39 ± 1.25 27.19 ± 0.89 23.46 ± 1.17 22.75 ± 0.48
F1 22.70 ± 0.87 23.39 ± 1.14 20.91 ± 0.55 21.68 ± 0.94 18.41 ± 0.12 18.43 ± 0.04
F2 17.80 ± 0.63 17.72 ± 0.44 18.11 ± 0.85 17.80 ± 0.26 18.32 ± 0.12 18.26 ± 0.15
F3 18.01 ± 0.51 19.71 ± 1.11 15.88 ± 0.43 15.95 ± 1.03 15.74 ± 0.46 15.46 ± 0.12
F4 18.85 ± 0.73 19.85 ± 0.53 17.14 ± 0.37 18.75 ± 1.58 x x
Mean time until oviposition F0 5.62 ± 1.95 4.45 ± 1.26 4.86 ± 0.73 3.56 ± 0.80 3.83 ± 1.31 3.53 ± 1.12
F1 2.97 ± 0.61 3.07 ± 1.27 2.65 ± 0.77 2.93 ± 1.48 2.33 ± 0.78 2.47 ± 0.88
F2 2.94 ± 0.78 2.29 ± 0.58 3.51 ± 0.54 2.60 ± 0.17 2.80 ± 0.56 1.77 ± 0.84
F3 2.60 ± 1.21 2.09 ± 1.02 2.73 ± 1.08 3.84 ± 0.97 1.27 ± 1.52 2.38 ± 0.63
F4 2.75 ± 0.47 2.32 ± 1.15 2.98 ± 0.97 3.33 ± 1.16 x x
Mean size of egg ropes F0 744.3 ± 109.3 794.3 ± 67.2 618.0 ± 153.2 711.1 ± 78.3 682.2 ± 91.3 609.7 ± 39.3
F1 669.3 ± 37.0 695.1 ± 50.0 666.0 ± 23.7 662.6 ± 56.2 594.2 ± 122.8 589.2 ± 41.3
F2 533.6 ± 23.8 608.4 ± 36.2 566.4 ± 64.3 675.9 ± 52.9 673.1 ± 56.9 663.2 ± 43.6
F3 489.2 ± 17.5 501.1 ± 68.9 379.5 ± 115.1 392.6 ± 86.2 244.6 ± 148.5 174.9 ± 163.9
F4 463.1 ± 33.1 473.9 ± 98.2 255.0 ± 107.3 282.2 ± 115.9 x x
Sum of fertile eggs F0 3518 ± 1385 4833 ± 4242 1469 ± 2272 6354 ± 4451 4976 ± 4515 9438 ± 3554
F1 10258 ± 3363 9237 ± 5332 9706 ± 5057 4633 ± 3243 5290 ± 3296 7414 ± 5681
F2 5661 ± 2991 6228 ± 1511 2947 ± 1882 5205 ± 1669 902 ± 1295 1672 ± 1410
F3 5468 ± 2418 2499 ± 596 3747 ± 1249 2676 ± 978 610 ± 510 528 ± 463
F4 443 ± 33 452 ± 99.1 237 ± 107 263 ± 115 X x
Standard growth rate1 F0 1.12 ± 0.01 0.91 ± 0.51 0.67 ± 0.61 0.96 ± 0.54 0.96 ± 0.54 1.24 ± 0.02
F1 1.25 ± 0.02 0.99 ± 0.56 1.26 ± 0.05 1.20 ± 0.04 1.24 ± 0.08 1.25 ± 0.08
F2 1.25 ± 0.05 1.28 ± 0.02 1.22 ± 0.04 1.27 ± 0.02 0.70 ± 0.64 0.95 ± 0.53
F3 1.25 ± 0.03 1.19 ± 0.01 1.25 ± 0.05 1.23 ± 0.04 0.89 ± 0.50 0.86 ± 0.49
F4 1.23 ± 0.04 1.21 ± 0.04 0.92 ± 0.52 1.15 ± 0.05 X x
1Standard population growth rate (PGR) based on mortality, offspring per emerged female, proportion of emerged females, and EmT50 of females
was computed for each replicate according to a simpliﬁed Euler–Lotka model as described in Vogt et al. (2007a).
longer life cycle than the control (Table A1). Developmental
rate in pyrimethanil treatments was considerably depressed
in F3 and F4 generation in WY (0.006 and 0.005 less emerged
midgesperday)ifcomparedtocontrols.SexratioandEmT50
of females were not inﬂuenced by pyrimethanil, although
there was a trend toward prolonged emergence time of fe-
males in F3 and F4 generation of CY, in F1 and F4 generation
ofWY,andF1 generationofWYFscenario(Tables2andA1).
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Reproductive endpoints were likewise mainly inﬂuenced
by temperature scenario and generation number, while
pyrimethanil effects were weak (Table 2). Though the ovipo-
sition of pyrimethanil-treated C. riparius outspeeded that of
controls in the F0 and F2 generation under CY and WY sce-
nario(CY:−2.1and−1.0days;WY:−1.3and−0.9days)and
the F2 generation under WYF scenario (-1.0 day) (Table A1).
Then again, median time until oviposition was prolonged in
pyrimethanil-treatedanimalsoftheF3 generationunderWY
and WYF scenarios (+1.1 day). Female midges produced on
average more egg ropes in the simulated CY (Table A1). Per
female, 0.8± 0.3/0.8± 0.6 egg ropes (control/pyrimethanil)
were deposited in CY, 0.6 ± 0.2/0.7 ± 0.2 egg ropes (con-
trol/pyrimethanil) in WY, and 0.6 ± 0.2/0.7 ± 0.3 egg ropes
(control/pyrimethanil) in WYF. Production of egg ropes by
pyrimethanil-treated midges was advanced in F3 generation
of the CY scenario and in F0 generation of the WY and WYF
scenarios.
Mean size of egg ropes was largest in the CY scenario with
744 eggs (control) or 794 eggs (pyrimethanil)per rope in the
F0 generation (Table A1). Egg ropes produced in the F0 gen-
eration of WY contained on average only 618 eggs (control)
or 711 eggs (pyrimethanil), while egg ropes of WYF com-
prised only 682 eggs (control) or 610 eggs (pyrimethanil).
Over the experimental period, mean size of egg ropes
generally decreased to 38%/40% (control/pyrimethanil) in
CY, 59%/60% (control/pyrimethanil) in WY, and 61%/71%
(control/pyrimethanil) in WYF scenario.
210 c   2011 The Authors. Published by Blackwell Publishing Ltd.